We show that, under certain circumstances, an optical field in a two-mode squeezed vacuum (TMSV) state can propagate through a lossy atomic medium without degradation or evolution. Moreover, the losses give rise to that state when a different state is initially injected into the medium. Such a situation emerges in a Λ-type atomic system, in which both optical transitions are driven by strong laser fields that are two-photon resonant with the respective signal modes. Then the interactions of the two signal modes with the ground-state atomic coherence interfere destructively, thereby ensuring the preservation of the TMSV with a particular squeezing parameter. This mechanism permits unified interpretation of recent experimental results and predicts new phenomena. Introduction. It has been known since first years of quantum optics that nonclassical properties of optical states, such as squeezing, antibunching, and entanglement, are vulnerable to attenuation [1] . Propagating through an attenuator (a lossy channel), the quantum features of an optical state are shared with the environment, and lost when the environment is traced over. Hence it has been a long standing effort to minimize the amount of losses in the preparation and manipulation of these states in order to enhance their utility for quantum information processing [2], quantum metrology [3] , and other applications.
Introduction. It has been known since first years of quantum optics that nonclassical properties of optical states, such as squeezing, antibunching, and entanglement, are vulnerable to attenuation [1] . Propagating through an attenuator (a lossy channel), the quantum features of an optical state are shared with the environment, and lost when the environment is traced over. Hence it has been a long standing effort to minimize the amount of losses in the preparation and manipulation of these states in order to enhance their utility for quantum information processing [2] , quantum metrology [3] , and other applications.
In this paper, we challenge this paradigm, showing a family of nonclassical, entangled states of light that not only propagate through an attenuating medium without being affected by losses, but, moreover, are created thanks to these losses. That is, any other state, after entering and propagating through this medium, is converted into such a state. We call these states optical dark (OD) states, in analogy to the dark states of atoms which do not absorb light in spite of it being in resonance with the atomic transition.
Similarly to the atomic dark state, the OD state arises in Λ-shaped atomic systems. The two ground states are coupled to each other in a Raman-like manner by two pairs of fields. In each pair, one field is quantum and the other is a strong laser (Fig. 1) . In this way, the quantum fields directly interact with the atomic ground states: absorption of a photon in modeâ transfers a photon from level | 1 to level | 2 , whereas modeb has the opposite effect. When both modes are populated with photons, these processes occur in superposition. Moreover, if the state of these modes is TMSV with a certain squeezing parameter (determined by the ratio of the effective coupling constants between the optical modes and matter),
The atomic level scheme. The two quantum modeŝ a andb are in two-photon resonance with the strong classical fields Ωa and Ω b , respectively. When the quantum modes are in the two-mode squeezed vacuum state with a certain degree of squeezing, they do not interact with the atomic medium during propagation.
the two processes interfere destructively, thereby effectively precluding the interaction of the atomic and optical states. Then, even if the ground state coherence experiences decay, this OD state will propagate through a gas of such atoms without any loss or evolution.
The physics of the phenomena studied here are closely related to those of [4, 5] , where entanglement of two macroscopic atomic ensembles has been driven created by dissipative phenomena. In fact, it is the same processes that generate the entangled states of both light and atoms, as we show below.
We emphasize the difference between the OD-state setting studied here and the four-wave mixing regime which is known to produce two-mode squeezing in a system similar to that of Fig. 1 . In four-wave mixing, the Raman population transfer between the ground states is eliminated by either working away from the two-photon resonance [6] [7] [8] , or by means of electromagnetically in-duced transparency [9] . In this case, the atomic state is decoupled from the evolution, resulting in the usual two-mode squeezing Hamiltonian, which leads to exponential growth of squeezing as the field is propagating through the sample (albeit with fragility to losses). We, in contrast, work under the conditions of two-photon resonance, so both quantum fields, taken individually, experience significant Raman absorption or amplification. In this regime, the squeezing is not amplified with the propagation. It stays constant, but any other state of the two-mode field asymptotically approaches the OD state thanks to that Raman interaction.
Concept. We limit our analysis to one dimension and assume that the light fields propagate along z direction. The atomic ensemble has the length L and linear atomic density n 0 = N/L, where N is the total number of atoms. The atoms, initially prepared in the state | 1 , are described by slowly-varying collective coherence operatorsŜ nm (z) = N j=1Ŝ j nm δ(z − z j ) with the commutation relation Ŝ nm (z ),Ŝ mn (z ) = n 0 δ(z − z ), wherê S j nm = | n j m j | for the j'th atom. The two quantum fields, which we call signal and idler, are described by annihilation operatorsâ andb, whose commutation relation is [â(z),â
The Rabi frequencies of the corresponding control fields are Ω a and Ω b , respectively.
The interaction Hamiltonian in the rotating-wave approximation is then [10, 11] :
where g 31 and g 32 are photon-atom coupling constants for the corresponding optical transitions [12] , ω a,b and ω Ω a,b are the carrier frequencies of the quantum and control fields, respectively. We assume the phase matching condition to hold, so the relative phase of the atomic and optical operators stays constant throughout the sample. If the signal and control fields are far detuned for the respective atomic transitions (i.e., ∆ a,b γ 3 , Ω a,b , where γ 3 is the spontaneous decay rate from the excited level | 3 ), we can adiabatically eliminate level | 3 , arriving at the following effective interaction Hamiltonian:
where
are the effective coupling constants of the signal and idler modes with the spin wave (we specialize to the case |g b | < |g a |). Equation (2) is valid if the respective control and quantum field pairs are in a two-photon resonance with the ground states that are ac Stark shifted by the control fields, which we assume to be the case. Another important assumption is that the overwhelming majority of the atomic population is in state | 1 , which is valid on time scales that are small compared to the inverse optical pumping rate associated with the control field Ω b :
1. In this case, the Hilbert space associated with the atomic ground state coherence becomes isomorphic to that of the harmonic oscillator under the Holstein-Primakoff transformation [13] To demonstrate the OD state, we perform a Bogoliubov transformation of the signal and idler modes according toB = α
where α 0 = 1 − | | 2 and = g b /g a < 1 (hereafter we assume the phase convention forâ andb to be chosen such that g a and g b are real and positive). Then the Hamiltonian (2) is transformed intô
We see that the field in the "dark" modeD, no matter what state it is in, is decoupled from the interaction ([D,V eff ] = 0). The atomic system is coupled only to the "bright" modeB. If the atomic coherence experiences relaxation, this beam-splitter-like coupling will result in absorption, so the bright mode will gradually decay into its ground state | 0 B . If the bright mode is initially prepared in that state, it will propagate through the atomic sample without evolution, akin to a conventional optical mode in the vacuum state propagating through an ensemble of resonant atoms. Therefore any state of the form | 0 B , Φ D , with arbitrary | Φ , is an OD state. This state, combined with the collective atomic state 
where r = and the position/momentum quadrature correlation with = r = 0 corresponding to the standard quantum limit [14] . The squeezing becomes infinite in theory for → 1. State (5) coincides with the vacuum state | 0 a , 0 b if = 0. This case corresponds to the idler control field being absent, so the signal field experiences Raman absorption, decaying into the vacuum state while propagating through the sample. On the other hand, for = 0, the physical vacuum is not an OD state. To see this, we notice that this state is two-mode squeezed in the basis of the Bogoliubov bright and dark modes:
If this state is injected into our atomic sample, the bright mode will be absorbed by the atoms, decaying into | 0 B . With the atomic coherence dissipating into the environment, modeD becomes thermal, with the quadrature variance
State (8), albeit unpure, is two-mode squeezed in the basis of modesâ andb by no more than a factor of 2 with respect to the standard quantum limit:
This squeezing can be experimentally observed by performing a homodyne measurement on the signal and idler modes upon exiting the sample.
The fact that an entangled state remains unchanged while propagating through an absorbing medium, while the vacuum state loses its purity and becomes entangled, is highly counterintuitive. In the light of the above discussion, we explain this by observing that the interaction of the light with the environment occurs by way of the bright modeB. The pair of modes (B,D) therefore defines the decoherence-preferred basis. States that are entangled in this basis do decohere. However, because this basis is itself entangled in terms of the physical modes (â,b), this decoherence presents itself as growth of entanglement of the latter modes.
We now show how our scheme can be extended to prepare the two mode squeezed vacuum state (5) from physical vacuum input. To that end, we send the optical modes through an additional, similar atomic sample [ Fig. 2(a) ] with the atomic population prepared in state | 2 . In addition, we invert the ratio , which is equivalent to exchanging the values of the coupling constants g a and g b on the atomic transitions. This is done by adjusting the amplitudes and phases of the Rabi frequencies Ω a and Ω b . In this case the effective Hamiltonian iŝ
where the primes mark the second sample. Now modeD becomes bright and experiences absorption, while modê B is dark and does not evolve. Since, after the first sample, modeB is already in the vacuum state, propagation through the second sample will yield the double-vacuum state (5) of modesB andD. At the entrance of the first sample, the Bogoliubov modes are in the TMSV state. Between the samples, the state is mixed and described by Eqs. (8) and (9) . After the second sample, the Bogoliubov modes are in the vacuum state, and the physical modes are in TMSV described by Eqs. (5) and (6) We see, remarkably, that a pure entangled two mode state (5) can be not only preserved, but also generated through a dissipative (absorptive) process. This is a potentially powerful method to generate TMSV, which is the universal starting point for the preparation of arbitrary complex states of light [15] . In addition to robustness to losses, our technique permits easy control of the squeezing parameter r( ) by adjusting the strengths of the control fields. Potential detrimental factors such as spontaneous emission from level | 3 and nonlinearities caused by a finite population in level | 2 can be suppressed by reducing the interaction time and working at sufficiently large one-photon detunings.
OD states and quantum optical memory. The beamsplitter form of coupling defined by the Hamiltonian (4) in an optically deep medium leads to the swapping of the states between the optical modeB and the atomic coherenceŜ 12 , which is the basis of many quantum optical memory protocols [12, 16] . Similarly, the interaction (10) that takes place in the second sample will swap the contents betweenD andŜ 12 . So far, we assumed the atomic spin state to dissipate after this swap due to the ground state decoherence. However, an interesting interpretation arises if we include the atomic state into our analysis, which is justified if its dissipation is sufficiently slow.
If the state entering the first sample is physical vacuum | 0 a , 0 b , modesB andD are in the TMSV state (7) . When the light propagates through the atoms, this entanglement will be swapped to the first and second samples [ Fig. 2(b) ]. At the same time, modesB andD will now take over the vacuum from the initial atomic states, thereby bringing the signal and idler modesâ and b into the TMSV state according to Eq. 5. In this way, both the atomic and optical states will become entangled, at the same time remaining in states that are separable from each other.
These phenomena, in our understanding, offer alternative physical intuition behind the recent experiments on entanglement generated by dissipation [5] and producing the TMSV state of light [17] . In these experiments, the two samples are atomic cesium vapor cells, with the roles of levels | 1, 2 played by the magnetic states | m = −4, −3 of the ground level 6S 1/2 , F = 4 in one of the samples, and | m = 3, 4 in the other one. Such a configuration automatically ensures the inversion of the coupling constants g a and g b between the two samples.
Propagation of OD states. To explicitly show that OD state is preserved in an ensemble with incoherent decay, we study the evolution of the modes by taking into account the effective Hamiltonian (10) with the free Hamiltonians of atoms, dark and bright fields, we find the following Heisenberg-Langevin equations:
where γ 12 is the ground state coherence decay constant, F 12 are delta-correlated Langevin forces with the wellknown correlation functions F † 12 (z, t) = F 12 (z , t ) = 0, F 12 (z, t)F † 12 (z , t ) = 2γ 12 δ(z − z )δ(t − t ). A general solution to the above equations can be found similiar to Ref. [18] . Using the Fourier transformation
iωτ dτ in the co-moving reference frame τ = t − z/c, Z = z and parameterizing the optical depth via κ = α 2 0 n 0 | g s | 2 /(cγ 12 ), we arrive at:
ModeB exhibits usual Beer's absorption and tends to the vacuum state | 0 B in the limit of infinite optical depth (Fig. 3) . Solution (13) allows us to write a closed form expression for the behavior of the position and momentum quadratures of modeB as it propagates through the sample. For example, if the initial state is | 0 a , 0 b , we have ( Fig. 3) :
We see that the quadrature variance of the bright field evolves to the value of It is interesting to analyze the emergence of OD states in the context of gradient echo memory setting [19, 20] , in which the frequency of the ground state transition varies along the sample. Figure 4 shows the the number of photons in the signal mode as it propagates through the sample. When the fields enter the atomic sample, the twophoton detuning for each pair of control and quantum fields is significant, so a four-wave mixing process develops, leading to amplification. At the center of the sample, with the onset of two-photon resonance, the bright mode is absorbed; its optical state becomes vacuum | 0 B .
Curiously, with further propagation, this state re- mains unchanged in spite of the reemergence of the twophoton detuning. This can be intuitively explained as follows. In the presence of two-photon detuning δ 12 (Z), the Hamiltonian (4) acquires an additional positiondependent term´δ 12 (Z)Ŝ 22 (Z)dZ [21] . When this detuning is significant, it dominates the light-atom interaction and results in the evolution of the dark field according to the phase shift B(ω, Z) = e −iφ(Z,ω) B(ω, 0) with φ(Z, ω) ∝ κdZ δ12(Z)−ω . In the Schrödinger picture, this phase shift corresponds to the evolution operator U = e −i´dωφ(Z,ω)B † (ω,0)B(ω,0) . If the bright mode is in the vacuum state, this operator equals identity, so no evolution is present.
Conclusion. We have proposed a new formalism to treat the propagation of quantum light modes that are coupled to the ground state coherence via a two-photon Raman transition mediated by a control field. By using the approach, we have found a number of new properties in the off-resonant interaction of entangled light fields with three-level atomic media. In particular light entaglement can play significant role for formation of transparency in a similiar fashion as superposition in atomic dark states. This formalism stipulates a previously undescribed mechanism of generating optical squeezing that is robust to losses.
The OD state interpretation features a number of paradoxical features and, we hope, will provide a powerful visualization tool for complicated theoretical analysis. The phenomena studied here can be found in other fields of quantum physics, for example, in optomechanics [22] .
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